Interest in brain-derived neurotrophic factor (BDNF) was greatly enhanced when it was recognized that its expression is reduced in neurodegenerative disorders, especially in Alzheimer's disease (AD). BDNF signaling through the TrkB receptor has a central role in promoting synaptic transmission, synaptogenesis, and facilitating synaptic plasticity making the BDNF-TrkB signaling pathway an attractive candidate for targeted therapies.
Introduction
Alzheimer's disease (AD) is the most common age-related neurodegenerative disease, characterized by progressive memory loss and irreversible cognitive decline that correlates with the accumulation of extracellular senile plaques composed of amyloid β (Aβ) peptide and abnormalities in synaptic connectivity revealed by decreased dendritic arborization and dendritic spine loss in the hippocampus and cortex, the primary areas affected by AD-related pathology (DeKosky and Scheff, 1990; Selkoe, 2002; Terry et al., 1991) .
Brain-derived neurotrophic factor (BDNF), one of the most abundant growth factors in the brain, is prominently involved in neuronal survival, synaptic transmission, and synaptic plasticity events underlying learning and memory through its interaction with the tropomyosin-related kinase B (TrkB) cellular receptor (Horch and Katz, 2002; Nagahara et al., 2009; Patterson et al., 1996) . Clinical evidence suggests that a decrease in BDNF levels could be associated with the pathogenesis of AD. BDNF mRNA and protein expression are significantly reduced in the hippocampal and cortical areas of AD patients and decreased levels of serum BDNF have also been reported (Connor et al., 1997; Ferrer et al., 1999; Peng et al., 2005; Phillips et al., 1991) . Additionally, a significant downregulation of TrkB expression in individual cholinergic neurons has been demonstrated during the progression of AD (Ginsberg et al., 2006) . Reduced BDNF mRNA levels have been found to correlate with increased ratios of Aβ42/Aβ40 in transgenic mouse models of AD (Peng et al., 2009 ). Several studies have been conducted in animal models of AD to address the effect of therapeutic application of BDNF (Nagahara et al., 2013 (Nagahara et al., , 2009 .
Due to the inability of BDNF to cross the blood brain barrier, efforts have been focused on identifying a small molecule that could mimic the neurotrophic effects of BDNF. Recently, 7, , a naturally occurring flavone, was found to be a potent TrkB receptor agonist that mimics the action of BDNF downstream signaling . In vivo mouse studies showed that 7,8-DHF crosses the blood-brain barrier , and causes increased levels of phospho-TrkB protein in brain (Gao et al., 2016; Garcia-Diaz Barriga et al., 2017; Luo et al., 2016) , consistent with the notion that it acts as BDNF analog and TrkB agonist. Ohno and Devi first reported that intraperitoneal (i.p.) injection of 7,8-DHF for 10 days in the 5xFAD mouse model at a late disease stage (12-15 months of age) reduces Aβ levels, decreases β-secretase (BACE1), restores TrkB signaling and rescues memory impairment (Devi and Ohno, 2012) . Subsequently, others confirmed and extended these findings using various AD mouse models (Bollen et al., 2013; Castello et al., 2014; Gao et al., 2016; Hsiao et al., 2014; Zhang et al., 2014b) . Moreover, our studies indicate that 7,8-DHF has beneficial effects in a mouse model of amyotrophic lateral sclerosis (ALS) (Korkmaz et al., 2014) and others reported beneficial effects of 7,8-DHF in models of depression , Rett syndrome (Johnson et al., 2012 ), Parkinson's (Li et al., 2016; Luo et al., 2016; Sconce et al., 2015) and Huntington's (Jiang et al., 2013) diseases as well as amelioration of deficits in hippocampal neurogenesis in response to stress (Tzeng et al., 2013) .
In this study, we sought to determine if 7,8-DHF will exhibit efficacy in preventing or slowing down the AD-related phenotypes in a transgenic mouse model of the disease. We used 5xFAD mice, first developed by Oakley and colleagues (Oakley et al., 2006; Ohno et al., 2007) , that coexpress human amyloid precursor protein (APP) and presenilin 1 (PS1) by combining multiple familial AD (FAD) mutations [APP K670N/M671L (Swedish) + I716V (Florida) + V717I (London) and PS1 M146L+ L286V]. These mice have been shown to develop cerebral amyloid plaques starting at 2 months of age and the abundance of plaques increase with age, reduced synaptic markers, neuronal loss, and memory impairment and are characterized by high ratio of brain Aβ42/ Aβ40 peptide levels (Oakley et al., 2006; Ohno et al., 2007) . These 5xFAD transgenic mice were treated with 7,8-DHF for 2 months beginning at 1 month of age before plaque deposition to determine if this early treatment can ameliorate neuropathological and neurochemical disease phenotypes. We specifically evaluated the effect of treatment on Aβ level and plaques, on neurogenesis, on dendritic morphology of cortical neurons, and on the neurochemical profile of the hippocampus. The latter was assessed with magnetic resonance spectroscopy (MRS) that can provide information on both neuronal viability using the marker N-acetlyaspartate (NAA) and glial markers such as myo-inositol which are the neurochemical markers, increase in both AD mouse models (Choi et al., 2010a; Marjanska et al., 2005) as well as in humans (Pettegrew et al., 1997; Shonk et al., 1995) . In addition to NAA and myo-inositol there are numerous other chemicals that can be measured including glutamate and glutamine, choline-containing compounds, scyllo-inositol, GABA and taurine (Choi et al., 2007) .
We report that 7,8-DHF treatment reduced cortical Aβ plaque deposition, prevented the reduction of dendritic arborization of cortical neurons, protected against glutamate loss and the increase in the levels of choline-containing compounds in the hippocampus suggesting that 7,8-DHF treatment is a promising approach in AD therapy.
Material and methods

Mice and treatment protocol
In this study, we used 5xFAD mice and non-transgenic littermates. 5xFAD transgenic mice coexpress human APP and PS1 with 5 familial AD (FAD) mutations [APP K670N/M671L (Swedish) + I716V (Florida) + V717I (London) and presenilin 1 (PS1) M146L+ L286V] with neuronal expression driven by the Thy-1 promoter. The initial breeders were purchased from Jackson Laboratory. Only female mice were used in the current study (n = 10 mice per group). 5xFAD mice and WT littermates were treated with 7,8-dihydroxyflavone (Tocris Bioscience, Ellisville, MO, 5 mg/kg, 3 days a week by intraperitoneal (i.p) injection) for 2 months starting at 1 month of age. 7,8-dihydroxyflavone was dissolved in saline. In addition, a cohort of untreated 5xFAD mice (n = 10) was used. All animal experiments were carried out in accordance with the NIH Guide for the Care and Use of Laboratory Animals and were approved by the local animal care committee. We monitored mice for general well-being, body weight and food and water consumption. Mice tolerated the treatment well with no effect on body weight or any other apparent adverse effects.
Tissue collection
At 3 months of age, mice (7,8-DHF-treated 5xFAD, non-transgenic mice (WT) and untreated-transgenic 5xFAD) were euthanized and brains removed for analysis. The left hemisphere was post-fixed with 4% paraformaldehyde solution for 24 h and cryoprotected in a graded series of 10% and 20% glycerol/2% DMSO solution for histological analysis. The right hemisphere was dissected using a 1 mm mouse brain matrix. The prefrontal cortex (from bregma levels 3.2-1.3) was homogenized for the analysis of Aβ by enzyme-linked immunosorbent assay (ELISA) assays. The posterior hippocampus region (from bregma levels − 2.7 to − 3.7) was used to obtain a 1 mm diameter punch for analysis of neurochemicals by MRS. The remaining brain tissue (from bregma levels 1.3 to − 2.7)was processed for Golgi staining.
ELISA assay
The prefrontal cortex of the right hemibrain was homogenized with 5 × volumes (w/v) of Tris-buffered saline (TBS) and centrifuged at 16.000 g for 1 h at 4°C. After removing the TBS-soluble fraction, the resulting pellet was resuspended with 8 × cold 5 M guanidine HCl buffer to analyze the insoluble Aβ content. To determine Aβ levels, human Aβ40 and Aβ42 ELISA kits (Invitrogen, Grand Island, NY) were used according to manufacturer's specifications. Briefly, TBS-soluble and insoluble samples were added into the wells of a 96-well plate and mixed with a cleavage-specific antibody to either Aβ40 or Aβ42. After overnight incubation at 4°C, plates were washed and incubated with the secondary antibody for 30 min at 25°C. The chromogenic substrate was added to the washed wells. The reaction was then stopped and color intensity was measured at 450 nm.
Histology/immunohistochemistry
The cryoprotected hemibrain tissue was serially cut at 50 µm on a freezing microtome. Serial sections of 500 µm apart spanning the whole hemibrain were immunostained with antibodies to Aβ1-40 and Aβ1-42 (Invitrogen, Grand Island, NY #44348 A, #44-344) to define Aβ deposits and to doublecortin (Cell Signaling Technology Inc., MA), as a marker of neurogenesis. Immunohistochemical procedures were performed as previously described (Kowall et al., 2000) . In brief, freefloating sections were incubated overnight in primary antibody followed by PBS (Phosphate buffered saline) washes and incubation in peroxidase-conjugated secondary antibody followed by development using 3,3′-diaminobenzidine tetrahydrochloride (DAB) as a chromogen.
Quantitative analysis of Aβ deposits
For the estimation of Aβ plaque intensity, the cortex of three serial sections per mouse brain was analyzed blindly using a custom software written in Matlab. The most rostral section analyzed was at the anterior commissure level (~0.1 mm anterior to bregma), and each successive section was at 0.5 mm increments caudal to the first. Stained histological sections were analyzed by taking digital images with Nikon Eclipse 80i microscope using an Optronics camera. Quantification was performed using a house-written Matlab program that processes JPEG pictures of the region of interest. Each image was normalized for color and brightness using an unaffected region of the section creating black and white images. The percentage of thresholded pixels to total pixels in the region of interest was calculated for each image and presented as the percentage of affected tissue.
Golgi-Cox staining
The right hemibrain tissue encompassing bregma levels 1.3 to − 2.7 was stained using the FD Rapid GolgiStain kit (FD NeuroTechnologies, Inc., Catonsville, MD) following the manufacturer's protocol of the Golgi staining kit manual. The stained brain tissue was cut using a cryostat microtome (Leica Microsys-tems Inc., Buffalo Grove, IL) at 100-μm-thickness and sections from bregma level 1.3 to − 2.2 mm were mounted on gelatin-coated slides. Dendritic analyses were performed in the cortex region of 4-5 sections that were visualized at 60 × magnification with an Olympus BX51 bright field microscope. The neurons were manually traced using Neurolucida (MBF Bioscience, MicroBrightField Inc., Williston, VT). Dentritic spine density (number of spines/10 µm of dendrite), total number of spines on dendrites per neuron, and Sholl analysis data were calculated using Neurolucida Explorer 11. Sholl analysis shows the cumulative number of dendritic intersections at 10 µm interval distance points starting from the cell body. The number of dendrites intersecting for each neuron cell was used as an index for total dendritic arborization. The data were fit using an asymmetric Gaussian line shape including full width half max, peak amplitude, peak distance and an asymmetry parameter (Buys and De Clerk 1972) . The curve fits were compared using the R factor ratio test by varying the curve parameter (Hamilton, 1995) .
Quantification of DCX positive cells
The dentate granule cell layer was contoured using a Nikon microscope at 20 × magnification in combination with StereoInvestigator software (MicroBrightfield, Inc., Williston, VT, USA). Sections between bregma levels − 2.46 and − 2.80 mm were chosen for analyses using 3 sections per mouse separated by 500 µm. A counting grid of 40 × 40 µm was placed over the dentate granule cell layer. Using a 50 × 50 µm counting frame DCX immunoreactive cells in the dentate gyrus were counted in randomly-placed sampling sites using 40 × magnification.
High resolution magic angle spinning spectroscopy (HRMAS)
In vitro magnetic resonance spectroscopy (MRS) was collected as previously published (Choi et al., 2010a, b) using high resolution magic angle spinning (HRMAS) spectra on Bruker 14 T (Billerica, MA). We obtained tissue punches of freshly frozen hippocampus tissue. The dissected tissue sample was placed into a glass cylinder positioned in a 3 mm zirconium oxide MAS rotor (volume 50 μL). HRMAS measurements were performed using a sample spinning rate of 3.6 kHz selected to push the spinning side bands outside the frequency region of the metabolites. The experiments were performed at 4°C to minimize tissue degradation. Data were acquired using a rotor synchronized, Carr--Purcell-Meiboom-Gill (CPMG) pulse sequence [90 -(τ -180 -τ -Acq) n ] with two different effective time to echo (TEs) of 100 ms/10 ms. The longer TE serves to remove the lipid/macromolecular resonances and the short TE retains them. The interpulse delay, τ, is synchronized to the rotor frequency, and is 272 μs. The n value for the relatively short spin-spin relaxation times (T 2 ) filter was 36 for the short TE and for the long TE was 360. The short τ value removes all the effective spin relaxation time (T 2 * ) -like effects on the line shapes. The long T 2 filter yields approximately 95% of the total spectral intensity of all metabolites of interest compared to the short TE. Other acquisition parameters were a 90°pulse of 5-10 μs, a spectral width of 8 kHz, 16 K complex points, 256 averages and a TR of 5 s. We also collected a water spectrum for each sample using the short TE CPMG sequence with a TR of 10 s and 4 averages and no water suppression. Samples were placed in the rotor with a small amount of D 2 O (Sigma-Aldrich, Milwaukee, WI) for locking and shimming.
The HRMAS spectra collected contain spectral information for a large number of neurochemicals (Choi et al., 2007) . Data were analyzed using the Chenomx (Edmonton, Alberta, Canada) package fitting the entire metabolite spectrum for each neurochemical, using basis spectra from a large library of neurochemical including all the spin-spin couplings to minimize the residual difference between the observed and calculated spectrum. The spectra were fit for a total of 17 molecules including acetate, alanine, aspartate, cholines (phosphocholine, glycerophosphocholine, choline), gamma-amino-butyrate (GABA), glutamate, glutamine, glutathione, glycine, lactate, myo-inositol, N-acetylaspartate (NAA), N-acetylaspartylglutamate (NAAG), scyllo-inostiol and taurine. The data are reported as molar ratios to creatine since our prior studies of the absolute concentrations in multiple different AD transgenic mouse models showed no change in total creatine between WT and any of the AD models (Choi et al., 2010a, b; Dedeoglu et al., 2004) . In a paper recently published by Mlynarik et al., 2012 (Mlynarik et al., 2012 examining the 5xFAD mice using a water normalization method, no significant change in the creatine concentrations were noted in the 5xFAD mice compared to WT. Classification of the data was performed using Weka (Mark Hall et al., 2009 ).
Data analyses
Statistical analyses of the data were performed using a one-way ANOVA with Tukey HSD post-hoc tests.
Results
Effect of 7,8-DHF treatment on Aβ42 and Aβ40 levels
We evaluated the effect of 7,8-DHF treatment on TBS-soluble and insoluble Aβ42 and Aβ40 levels by ELISA in the prefrontal cortex. In the TBS soluble fraction, Aβ40 and Aβ42 were below the detectable level of the kits. Consistent with our previous studies using 5xFAD mice, the cortical levels of insoluble Aβ42 were higher than those of Aβ40 (Aytan et al., 2016 (Aytan et al., , 2013 Kantarci et al., 2017) . Although 7,8-DHF-treated 5xFAD mice exhibited a decrease in the levels of insoluble Aβ42 and Aβ40 compared to untreated transgenic littermates, this trend was not statistically significant (Fig. 1). 
Effect of 7,8-DHF treatment on Aβ plaque load
We investigated the impact of 7,8-DHF administration on amyloid plaque deposition in the frontal cortex of 3 month-old 5xFAD mice. Since relative changes in Aβ42: Aβ40 ratio towards elevated Aβ42, the more pathogenic form, is critical to AD we immunostained Aβ plaques with specific antibodies to Aβ40 and Aβ42. We found that 7,8-DHF treatment significantly decreased Aβ42 plaque deposition while the change in Aβ40 deposition was not statistically significant (Fig. 2) .
Effect of 7,8-DHF treatment on dendritic length, arborization and spine density
To determine the effect of 7,8-DHF treatment on the quantity of dendritic spines and dendritic arborization, we counted spines and dendrites on the cortical layer V pyramidal neurons of untreated wild type (WT) and 5xFAD mice at 3 months of age. Spine density and total spine number per neuron (n = 5 neurons/mouse) were quantified and analyzed on dendritic branch orders 2 and 3 for each animal (n = 6) (Fig. 3A) . Spine density and total spine number were significantly lower in untreated 5xFAD mice compared to WT mice. 7,8-DHF treatment appear to prevent this AD-model-related loss of spine density and total spine number on the dendritic branch orders 2 and 3 since the spine number and density in 7,8-DHF treated-5xFAD mice are no longer significantly different than those of WT mice ( Fig. 3B and C) .
The numbers of dendritic intersections for each neuron within each 10 µm segment (radial distance) from the soma of neurons were computed and dendritic arborization was evaluated using Sholl analysis for the groups. The analysis revealed that the pruning of the dendritic tree that characterizes the 5xFAD mice as compared to WT animals was prevented by 7,8-DHF treatment (Fig. 3D) .
Effect 7,8-DHF treatment on doublecortin (DCX) positive cells
We investigated the effect of 7,8-DHF treatment on neurogenesis in 5xFAD mice. As expected the number of DCX-positive cells was lower in the 5xFAD mice as compared to the WT littermates. 7,8-DHF treated 5xFAD mice had a slightly higher number of DCX-stained cells than the controls, however this difference was not statistically significant (Fig. 4) .
Magnetic resonance spectroscopy of changes in brain neurochemicals
As we have reported previously, we found very small neurochemical changes between 5xFAD and WT animals at 3 months of age, although there are huge changes at 8 months of age (Aytan et al., 2016 (Aytan et al., , 2013 . Similar to results we found previously at 3 months of age, there is a small (ca. 10%) decrease in glutamate levels (5xFAD = 0.98 ± 0.06; 5xFAD + 7,8-DHF = 1.11 ± 0.1; WT = 1.1 ± 0.08; F 25,2 = 6.88; p < 0.0046) in the 5xFAD mice compared to WT animals that was prevented by the treatment with 7,8-DHF (Figs. 5 and 6) .
We quantified the various choline-containing compounds from the three major resonances: glycerophosphocholine (GPC; 3.24 ppm), phosphocholine (PhC; 3.23 ppm) and choline (Cho; 3.2 ppm). We found Fig. 1 . Concentration of total Aβ42 and Aβ40 levels were measured by ELISA in the prefrontal cortex. The decrease in the levels of Aβ42 and 40 in the 7,8 DHF 5xFAD treated group (n = 10) was not statistically significant compared to the levels in untreated-5xFAD mice (n = 10).
Fig. 2.
Representative micrographs and quantification analysis of the effect of 7,8-DHF (5 mg/kg, i.p. injection / 3 days a week) on Aβ42 and 40 plaque burden of 3 month old 5xFAD mice that had been treated for 2 months. DHF treatment significantly reduced the Aβ42 plaque burden in 5xFAD mice (n = 10) compared to the untreated 5xFAD mice (n = 10) *P < 0.05. In contrast, Aβ40 plaque burden did not decrease significantly after 7,8-DHF treatment.
that there was an increase in Cho and PhC intensity in the 5xFAD mice compared to WT animals, that like the decrease in glutamate was also prevented by the DHF treatment. The results for the choline-containing compounds were as follows: PhC (WT = 0.148 ± 0.026; 5xFAD = 0.16 ± 0.022; 5xFAD + 7,8-DHF = 0.128 ± 0.013; F 25,2 = 4.79; p = 0.007); Cho (WT = 0.183 ± 0.027; 5xFAD = 0.236 ± 0.042; 5xFAD + 7,8-DHF = 0.171 ± 0.036; F 25,2 = 8.12; p = 0.00215). There was no significant change in the GPC levels (F 25,2 = 0.51; p = 0.6) between the three groups of animals.
Discussion
In this study, we sought to determine whether 7,8-DHF treatment has a significant positive impact on several measures of brain pathology when administered before the onset of amyloid plaque deposition in the 5xFAD AD mouse model. 5xFAD mice develop amyloid plaques in the cortex and hippocampus starting at 2 months of age and display significant impairment in their working memory by 4-5 months of age (Oakley et al., 2006) . Therefore animals were treated with 7,8-DHF starting at 1 month of age for 2 months.
Ohno and Devi reported reduced Aβ peptide levels, restored TrkB signaling and rescued memory impairment following i.p. injection of 7,8-DHF for 10 days in the 5xFAD mouse model at 12-15 months of age (Devi and Ohno, 2012) . Consistent with its expected mechanism of action as a TrkB agonist, systemic administration of 7,8-DHF in that study significantly rescued the decline in phospho-TrkB levels without affecting total TrkB protein expression. In both WT and 5xFAD mice, Devi and Ohno (2012) also observed the 7,8-DHF-evoked Fig. 3 . A. Spines on the dendritic branch of Golgi-stained neurons from WT (A), untreated (B), and 7,8-DHF-treated (C) experimental groups are shown (magnification 100 × ). B. Spine density was analyzed on order 2 and 3 dendritic branches of layer V cortical neurons in untreated WT, untreated 5xFAD and 7,8-DHF 5xFAD groups (n = 10). Spine density was significantly lower in the untreated 5xFAD mice compared to WT mice. However, spine density in the DHF-treated mice was not significantly different than that in WT mice. *P < 0.05. C. Total spine number on branch order 2 and 3 in untreated WT, untreated 5xFAD and 7,8-DHF 5xFAD treated groups of Layer V cortical neurons. The total number of spines in the untreated 5xFAD group (n = 10) significantly decreased compared to the WT group (n = 10); *P < 0.05. DHF treatment prevented dendritic spine loss in 5xFAD mice, as the number of spines counted in the 5xFAD treated group (n = 10) and WT (n = 10) was not significantly different. D. The number of dendritic intersections at each radial distance from the soma for each neuron was counted and graphed as mean data per mouse treatment group within WT, untreated and 7,8-DHF treated groups. We performed a Sholl analysis to measure dendritic field density and structure changes between groups. Shown are the fits for the WT, 5xFAD and 5xFAD 7,8-DHF groups (n = 10) using an asymmetric Gaussian lineshape. The curves fits were significantly different for 5xFAD vs. WT (P < 0.05 using the R-factor ratio test). The 5xFAD 7,8-DHF curve approached significance compared to the 5xFAD curve (P < 0.1) but there was no difference between the WT and 7,8-DHF-treated 5xFAD curves. downregulation of expression of the beta-secretase (BACE) enzyme that catalyzes the initial step in the production of both Aβ40 and Aβ42. They postulated that the amelioration of amyloid deposition by 7,8-DHF in 5xFAD mice may be mediated by this reduction of BACE activity. It is likely that this mechanism was also responsible for the anti-amylodogenic actions of 7,8-DHF observed in this study. It is worth noting that while the 7,8-DHF treatment was associated with the average reduction of all measures of amyloidosis performed here (tissue Aβ40 and Aβ42 peptide levels assayed by ELISA as well as Aβ40 and Aβ42 plaque deposition assessed by immunohistochemical staining), only the latter effect was statistically significant with the number of subjects available for analyses. We attribute this to the possibility that Aβ42 plaques are particularly stable and thus subjects to lower individual variability than that observed for the other measures that exhibited higher variance. The high variance of these measures would also be expected in our relatively young 3-month old mice that are at early stages of disease. Our data are consistent with the results reported by Zhang et al. (Zhang et al., 2014b) who observed reduced numbers of amyloid plaques in hippocampi of 5xFAD mice chronically treated with 7,8-DHS between the ages of 2-6 months with no changes of Aβ42 levels. These authors (Zhang et al., 2014b ) also reported the neuroprotective effects of 7,8-DHF treatment on Aβ-induced toxicity in primary cortical neurons and the promotion of dendritic growth and synaptogenesis in primary cortical neuron culture, loss of hippocampal synapses, synaptic dysfunction, and memory deficits. Dendritic spine loss is observed in the hippocampus and cortex of the brains of individuals with AD (DeKosky and Scheff, 1990; Walsh and Selkoe, 2004) . Our results are consistent with these clinical data: untreated 5xFAD mice had reduced dendritic spine density and dendritic arborization compared to WT mice at 3 months of age. A previous study had demonstrated that 7,8-DHF treatment in mice with experimental cortical and hippocampal neuronal death significantly increased thin spine density (Castello et al., 2014) . In our study, we observed a similar trend for 7,8-DHF treatment to increase spine density on the dendrites of cortical neurons. Moreover, in this N. Aytan et al. European Journal of Pharmacology 828 (2018) 9-17 study 7,8-DHF treatment prevented the loss of hippocampal pyramidal neuron dendritic arbor complexity seen in 5xFAD mice. Thus, in addition to preventing amyloidosis, 7,8-DHF may act on the pyramidal neuron to protect them from the toxic actions of Aβ peptides. It is worth noting that 7,8-DHF is effective in supporting dendritic spines and arborization in models of other neural diseases (Korkmaz et al., 2014; Stagni et al., 2017; Tian et al., 2015; Zeng et al., 2012; Zhang et al., 2014a) , suggesting that these trophic actions of the TrkB agonist are of general nature. We and others previously found, that there are profound changes in the brain metabolites of 5xFAD mice compared to controls at 8 months of age (Aytan et al., 2016 (Aytan et al., , 2013 Mlynarik et al., 2012) . Similar to what we and others have found in other AD mouse models including the triple transgenic model (Aytan et al., 2013; Choi et al., 2010a Choi et al., , b, 2007 Dedeoglu et al., 2004; Marjanska et al., 2005) , there are many similar changes in AD mouse models and humans with AD, including decreased NAA and glutamate levels and increased levels of myo-inositol, taurine, glutamine and choline-containing compounds. While many of the changes are age-dependent, the later stages in all the models show great similarities. We earlier showed that there were large changes in brain neurochemicals in 5xFAD mice between the ages of 3 and 8 month old (Aytan et al., 2013) . The only change in neurochemicals that we have reported in 3 month old 5xFAD mice was a small, but significant, decrease in glutamate concentration. We have now replicated the decrease in glutamate in 3 month old 5xFAD mice and found that the glutamate loss is protected by 7,8-DHF treatment (see Fig. 6 ).
Also new to this study is the more precise identification of cholinecontaining resonances showing that there are increases in total choline (at 3.20 ppm) and smaller increases in phosphocholine (3.23 ppm) but not in glycerophospocholine (3.24 ppm) levels in the hippocampus of 5xFAD mice as compared to WT. Importantly, 7,8-DHF treatment prevented the increase in choline levels. Increased Cho/Cr ratio has been previously reported in patients with AD (Bartha et al., 2008) . Choline is the rate-limiting precursor to acetylcholine and phosphatidylcholine. When neurons are deprived of choline they will catabolize membranes and use the choline for acetylcholine (Ach) synthesis (Lee et al., 1993; Zhao et al., 2001) . Therefore, there is some evidence that loss of cholinergic function in AD may produce increased membrane-free choline (Miller, 1991) . Increased Cho/Cr ratio has been previously reported in patients with AD (Bartha et al., 2008) suggesting increased membrane turnover and phosphatidylcholine catabolism.
Increases in PhC, GPC and Cho are found in AD cerebrospinal fluid (CSF) compared to normal controls (Walter et al., 2004) . While increases in choline-containing compounds have been observed often in human AD MRS studies (with a review and meta-analysis published by Tumati et al. (2013) ), it is difficult in human in vivo studies to separate PhC, GPC and Cho due to lower field strengths and larger linewidths in the in vivo studies. Here, using in vitro MRS with HRMAS we are able to readily separate the three choline-containing components and it is clear that most of the increase noted at 3 months of age in 5xFAD mice is occurring in the Cho resonance at 3.2 ppm. Studies of multiple diseases leading to inflammation such as multiple sclerosis and HIV infection show large increases in choline levels during inflammatory stages of the lesions (Chang et al., 2013) . This may reflect early damage to membranes or increased membrane turnover. The putative mechanism is elevated intracellular Ca ++ concentration that leads to activation of phospholipase A and degradation of phosphatidylcholine into GPC and free choline (Chang et al., 2013; Miller, 1991; Walter et al., 2004) . In any case, the MRS provides data that is supportive of the protective role of 7,8-DHF, likely through TrkB downstream mechanisms.
Conclusion
In conclusion, our study shows that 7,8-DHF treatment of 5xFAD mice at the earliest stages of AD-like pathology prevents and/or delays several pathophysiologic processes associated with this disease. The study supports the idea that preventive interventions in AD with the use of natural products are viable and that the BDNF/TrkB signaling pathway is a rational target for those. Fig. 4 . Doublecortin (DCX) positive neurons of WT, untreated and 7,8-DHF treated 5xFAD mice in the dentate gyrus were quantified to analyze the effect of treatment on neurogenesis. Quantification was performed in 3 sections/mouse in 10 mice/group. Untreated 5xFAD mice had a significant reduction of DCX positive neurons compared to WT mice, however, DHF treatment did not reverse this decrease significantly; *P < 0.05. animals in each group of 5xFAD mice with (n = 9) and without (n = 8) 7,8-DHF supplementation. The spectra are normalized to the creatine (Cr) peak. The spectra are quite similar but increases in choline (Cho) can be seen in the 5xFAD spectrum compared to the 5xFAD + 7,8-DHF spectrum. RightExpansions of three representative spectra from the "cholines" region (shown in blue on the left spectra)
showing the increased Cho in the 5xFAD animal. These spectra were also normalized to the Cr peak. The separation between glycerophosphocholine (GPC) and phosphocholine (PhC) is small enough that it is blurred in the averaged spectra shown on the left, but is readily apparent in individual spectra.
